The runoff of a mixture of "heavy" and "light" polysomes has been reported to yield hybrid ribosomes, of intermediate density. However, we Under conditions causing net release of ribosomes from polysomes in Escherichia coli cells, free 70S ribosomes accumulate, but the level of 30S and 50S subunits remains essentially unchanged (1). This observation led to the finding that the level of subunits is regulated by the limited supply of a ribosome dissociation factor (DF) (2), which dissociates free, but not complexed, ribosomes (3). DF has now been identified as initiation factor F3 (4-6). Since DF is found complexed with the native small subunits in lysates, and not with polysomal ribosomes (2), it is evidently released and recycled as the subunits reassociate on polysomes.
Under conditions causing net release of ribosomes from polysomes in Escherichia coli cells, free 70S ribosomes accumulate, but the level of 30S and 50S subunits remains essentially unchanged (1) . This observation led to the finding that the level of subunits is regulated by the limited supply of a ribosome dissociation factor (DF) (2) , which dissociates free, but not complexed, ribosomes (3) . DF has now been identified as initiation factor F3 (4-6). Since DF is found complexed with the native small subunits in lysates, and not with polysomal ribosomes (2) , it is evidently released and recycled as the subunits reassociate on polysomes.
The accumulation experiments suggested the release of ribosomes from polysomes as 70S particles (1). However, it remained possible that release might require reversal of the association that occurs in initiation. The immediate products would then be unstable free subunits, whose reassociation would yield the observed stable free 70S ribosomes as secondary products. Indeed, this possibility received support from observations of Kaempfer (7) on polysomes labeled with heavy isotopes: when these were run-off together with an excess of "light" polysomes (under conditions not allowing reinitiation) they were entirely converted to ribosomes of intermediate sedimentation constant. Additional evidence, based on the formation of subunits at very high dilution, led to the conclusion that runoff yields subunits that could then give rise to hybrid ribosomes (8) .
However, since DF acts reversibly (ref. 3 ; R. J. Beller, unpublished observations) it could be expected to mediate a dynamic exchange of subunits between ribosomes (via small subunits complexed with DF) even after termination. The present paper demonstrates such rapid exchange between heavy and light free ribosomes, released from polysomes shortly before mixing. The previously reported exchange (7, 8) could thus have occurred after, rather than during, runoff.
In the course of this investigation we discovered that the conventional method for detecting subunit exchange (7) (8) (9) suffers from a serious artefact. Hydrostatic pressure promotes dissociation of free ribosomes as they advance in a gradient, as Infante (10) showed with ribosomes from seaurchin eggs: the resulting greater slowing of heavy ribosomes, which advance ahead of the light ribosomes, can mimic formation of hybrid ribosomes. This artefact is eliminated by fixation with glutaraldehyde before sedimentation analysis.
MATERIALS AND METHODS
Preparation of "Heavy" Polysomes. E. coli strain MRE 600 was grown to a density of 3 X 108 cells/ml in Tris-salts medium (11), containing 95% D20, 0.1% [13C] glucose (53 atom %: Merck & Co., Rahway, N.J.), 0.01 M 15NH4Cl (99 atom %), and 50 ,uM K2HPO4 (plus 30 MCi/ml of 32PO4).
The culture (10 ml) was poured over ice and the cells were harvested, suspended in 0.5 ml of TKMD buffer (10 mM TrisHCl(pH 7.6)-50 mM KCl-10 mM MgAc2-1 mM dithiothreitol), and lysed by the freeze-thaw-lysozyme method (12) with 0.3% sodium deoxycholate. The lysate was spun for 10 min at 12,000 X g to remove cell debris, and the supernatant, diluted with an equal volume of TKMD (0.1 mg/ml final concentration of ribosomes), was stored at -76°C.
Some mented with 0.1 mnM each of 20 amino acids, 1 mM ATP, 0.5 mM GTP, 5 mM phosphoenolpyruvate, 60 Mg/ml of pyruvate kinase, and 1.2 mg/ml of supernatant protein. The incubation mixtures contained 0.005-0.05 mg/ml of heavy ribosomes and 0.5-1 mg/ml of light ribosomes.
Analysis of Subunit Exchange. After incubation, the mixtures were chilled to 0C, layered over an exponential 12.5-20% sucrose gradient (11 ml) in TKM buffer, and spun for 4 hr at 40,000 rpm in a Spinco SW 41Ti rotor. The gradient was then collected from the top in 6-drop fractions (in later experiments 9 drops), 10 ml of Bray's fluid was added, and radioactivity was measured in a scintillation counter. With triple labeling, the windows were adjusted to minimize, and the values were corrected for, crossover of counts between channels.
Glutaraldehyde Fixation of Ribosomes. The chilled reaction mixture was diluted with TKM buffer (containing the same Mg++ concentration as the reaction mixture) and made 2.5% in glutaraldehyde (Fisher) neutralized to pH 7.6. The mixture was kept at 00C for 15 min and was then immediately layered over a gradient and analyzed. RESULTS
Apparent exchange of subunits during protein synthesis
Incubation of heavy (HH) polysomes with a 100-fold excess of light (LL) polysomes, with and without runoff, yielded ribosomal patterns very similar to those reported (9) . Thus, when sparsomycin was present to prevent runoff, subsequent sedimentation in a sucrose gradient (after polysome fragmentation) revealed two well-separated ribosomal peaks (Fig.  1A) . Extrapolation from the LL peak (70 S) yields a value of 85 S for the HH peak, close to that previously reported (11) . In contrast, when ribosome runoff was allowed the HH peak disappeared and its 32p counts appeared in an intermediate position in the gradient (Fig. 1B) . The same result was obtained, as reported (9), with runoff from a mixture of polysomes fragmented by sonication. (Figs. 1B, 2 ); yet the opposite would be theoretically expected: for, with equal numbers of two species of hybrid ribosomes, labeled in the large or in the small heavy subunit (and, respectively, located about 1/3 and 2/3 of the way from the HH to the LL position), the former would contribute twice as many counts as the latter and so the counts should be skewed toward HH. It therefore seemed that the "hybrid" peak might not consist of true hybrids, but might owe its altered sedimentation rate to some other mechanism. An explanation was provided by the recent demonstration that the high hydrostatic pressure in the gradient can cause dissociation of free ribosomes, resulting in a decreased apparent sedimentation constant (10) . In the mixtures used here, the free HH ribosomes, which run ahead of the LL ribosomes, would be at least 100-fold more dilute and would also encounter higher pressures. Both these factors favor dissociation (10) , and the consequent slowing of the peak might mimic hybrid formation.
To test this possibility, we fixed the ribosomal particles, just before sedimentation, with glutaraldehyde. With complexed ribosomes as a control, the s value of the HH and the LL peaks was increased slightly, but their separation was the same as with unfixed preparations (compare Figs. 3A, 1A) . As expected, glutaraldehyde prevents dissociation and exchange in the gradient: HH and LL free ribosomes separately treated and then mixed no longer formed an intermediate peak.
Subunit exchange re-examined after fixation
The formation of hybrids in the runoff of mixed HH and LL polysomes was tested, essentially as before (Fig. 1B) , but with the products of the incubation fixed before analysis; in addition, a differentially labeled HH marker (fixed, complexed ribosomes) was added. As Fig. 3B shows, the runoff heavy ribosomes were indeed almost completely converted to hybrid ribosomes, which formed an intermediate peak between the HH marker and the LL peaks. To see whether or not such exchange could occur after runoff, the heavy and the light polysomes were allowed to run-off separately, mixed, and incubated, as in Fig. 2A , but were fixed before analysis. As in mixed runoff, there was complete hybrid formation (Fig. 4A) . Thus, free ribosomes, incubated in a lysate, do exchange subunits.
In contrast, if the separately run-off ribosomes were cooled to 0C, mixed, and then immediately fixed, essentially no hybrids were formed (Fig. 4B) . The same mixture, when not fixed, gave an intermediate peak, as in Fig. 2B . Hence, the apparent hybrid formation observed at 00C without fixation Incubations were at 370C as in Fig. 4A . The mixtures were then chilled to 0C, fixed, and analyzed.
is an artefact: fixation is clearly essential to demonstrate formation of hybrid ribosomes of intermediate density. Fig.  4B also shows that the exchange observed in 4A must have occurred during the mixed incubation and not during the preceding separate runoff (i.e., with contaminating ribosomes in the supernatant).
Other features provide further evidence that the intermediate peaks are true hybrids in the fixed preparations and are equilibrating mixtures of ribosomes and subunits in the unfixed preparations. Thus, in the fixed preparations the intermediate peak lies about midway between the HH and the LL marker peaks (Fig. 3B) , in contrast to the skewing of the unfixed preparations toward the LL marker noted above. Moreover, in fixed preparations (Figs. 3B, 4A ) and in complexed preparations (ref. 11, Fig. 4 ), the hybrid peak is broader than either nonhybrid peak, as would be expected of an equimolar mixture of two species of calculated s values 76 and 80. In contrast, the narrower peak of the unfixed "hybrids" (Figs. 1B, 2 ) fits both the theoretical and the observed distribution of a rapidly equilibrating mixture of heavy ribosomes and subunits, which has to sediment for quite a distance before the subunits are resolved (10) . Preliminary study of the rate of subunit exchange by free ribosomes (Fig. 5 ) indicated that at 370C, under the experimental conditions, exchange was appreciable in 0.5 min and complete within 6 min.
Evidence for complete runoff and for absence of reinitiation
The inference of subunit exchange by free ribosomes depends on two assumptions: a) that the preincubation (for 15 min in a protein-synthesizing mixture) had converted essentially all of the polysomes to runoff ribosomes before mixing, and b) that the rate of reinitiation during the exchange after mixing is negligible.
The following evidence supports the first assumption. a) After preincubation, the heavy ribosomes sediment differently from polysomal, complexed ribosomes ( Fig. 1A vs 1B ; 3A vs 3B); and ribosomes released by brief treatment with puromycin also gave the same pattern of altered sedimentation. b) Endogenous polysomes prepared by the method used here synthesize protein rapidly for only a few minutes: over 95%O of the total incorporation of valine occurs within the first 10 min of incubation (13), as we have verified in some of the preincubation mixtures used here. c) Sedimentation analysis of these lysates showed a high level of polysomes at the start, and essentially complete conversion to 70S ribosomes during the preincubation..
Absence of significant initiation during the period of exchange is indicated by the following: a) Protein synthesis in these extracts ceased during the incubation preceding this period. b) Even at the start there appears to be no initiation, since the total amount of protein synthesis by these endogenous polysomes is not altered by the initial addition of a concentration of aurintricarboxylate (50-80 ,uM) that blocks initiation with added viral RNA as messenger (13) . c) If cycles of initiation and release were occurring during the second incubation, sparsomycin, added at the start of this period, should stabilize the complexed ribosomes as they formed; however, runoff ribosomes without fixation continued to behave as free ribosomes (as in Fig. 1B ) under these conditions. d) Label from "derived" 50S subunits, added at the start of in the polysomal region, though it entered the 70S peak after a few minutes (unpublished data).
DISCUSSION
The significance of subunit exchange by free ribosomes When earlier studies showed that inhibitors of translation (sparsomycin, chloramphenicol) block exchange of subunits by ribosomes, it was concluded that the exchange occurs only during protein synthesis (9, 14) . With the subsequent demonstration of apparent exchange during polysome runoff, without reinitiation, the relevant part of the ribosome-polysome cycle seemed to be narrowed down to the runoff step, and runoff was inferred to yield a pool of free subunits that subsequently reassociate to form stable 70S ribosomes (8) . However, these findings actually showed only that the exchange does not occur -while ribosomes are in polysomes; it might well occur with free nbosomes. The present work shows that already released, free ribosomes do exchange subunits rapidly, under conditions where reinitiation is negligible.
Though this exchange might depend on reversible dissociation promoted by DF, its role has not been established. Alternatively, the conversion of free ribosomes into subunits in a gradient at 00C (10) , presumably in the absence of DF, initially suggested (16) that spontaneous equilibration (with a very low concentration of free subunits) might underlie the present exchange. However, spontaneous equilibration might be very slow under conditions that strongly favor intact ribosomes.
Ability of a ribosome to exchange subunits is easily altered. We found that after isolation from a sucrose gradient, free ribosomes exchanged less readily with freshly run-off ribosomes in an extract. This finding parallels Kaempfer's observation (8) that free ribosomes isolated from a sucrose gradient dissociate at high dilution less readily than do freshly released ribosomes.
Since the observation of exchange at the end of mixed polysome runoff can no longer be considered evidence for the release of ribosomes as subunits, this inference would now appear to rest entirely on the observation that in very dilute solution runoff yielded subunits rather than 70S particles (8) . However, we have observed (ARS, unpublished data) that when runoff ribosomes are analyzed at high dilution they dissociate under the influence of hydrostatic pressure in the gradient (10) . Moreover, high dilution would be expected to increase the proportion of the ribosomes dissociated by traces of dissociation factor in the supernatant, and such high dilution also (15) promotes dissociation due to damage by the trace of RNase added in certain experiments (8) . Accordingly, the question is still unsettled whether the immediate products of runoff are free ribosomes or subunits (i.e., whether mRNA can be released by a conformational change of the intact ribosome or only by a complete separation of the subunits). But whether DF acts by attacking free subunits, free ribosomes, or both, the regulatory function (1) (2) (3) 16 ) that led to its discovery would remain unaltered.
Though physiological initiation by subunits is now well established, the present results indicate that the elegant early proof by Guthrie and Nomura (17) , with heavy isotopes, can no longer be considered rigorous: fMet-tRNA was found only on the hybrid HL ribosomes formed in the incubation, and not on the intact HH ribosomes supplied; but the hybrids could have been formed by exchange of subunits with free riboProc. Nat. Acad. Sci. USA 68 (1971) the incubation of a polysomal preparation, was not observed somes. Similarly, subunit exchange between free ribosomes might well be responsible for the exchange of streptomycinsensitive and resistant subunits recently observed in protein synthesis with the nonphysiological system that uses poly(U) as a messenger (18) .
Fixation to prevent dissociation during analysis
We have found that dissociation in the gradient, due to hydrostatic pressure (10) , can mimic hybrid formation in mixtures of heavy and light free ribosomes. This artefact was eliminated by fixation with glutaraldehyde before ultracentrifugal analysis. It could then be shown that true hybrids were present in a mixture of HH and LL ribosomes incubated at 37CC, but not in one mixed at 00C (Fig. 4) . Without fixation, however, these mixtures yielded an identical apparent hybrid peak (Fig. 2) .
Because of this artefact it seems necessary to re-evaluate some earlier studies with unfixed density-labeled ribosomes. The initial demonstration of subunit exchange by Kaempfer et al. (11) , which unequivocally established a role of subunits in the ribosome cycle, was performed in E. coli cells. Direct analyses confirmed the formation of hybrid ribosomes; and the results are not affected by the artefact disclosed here, since the cells would yield mostly complexed ribosomes, which remain intact in the gradient. However, later studies of the kinetics of exchange in extracts (7-9) relied on similar analyses of free ribosomes, and so the observed peaks with an intermediate s value are not necessarily hybrid. Indeed, in an unfixed preparation even true hybrids, initially present, might be expected to be redistributed during centrifugation, yielding an equilibrium mixture of heavy ribosomes and subunits running ahead of a mixture of light particles.
